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a b s t r a c t 
Reduced activation ferritic–martensitic steels are intended to serve as structural materials in different 
blanket designs, e.g. HCLL, DCLL and WCLL. In these designs the material is supposed to be in direct con- 
tact with the ﬂowing liquid breeder material Pb–15.7Li at an operating temperature of up to 550 °C. These 
conditions will lead to severe corrosion attack of the steel and high corrosion rates of up to 400 μm per 
year are reported in the literature. To avoid or reduce corrosion Al-based corrosion barriers were de- 
veloped in the last years by using electrochemical techniques to deposit aluminum. Until now two pro- 
cesses have been developed. The ﬁrst one, so called ECA process, is based on volatile toluene electrolytes. 
Long-term corrosion experiments on these coatings indicated reduced corrosion rates compared to bare 
Eurofer steel in ﬂowing Pb–15.7Li. However, these Fe–Al scales showed inhomogeneous corrosion attack 
of the corrosion barrier itself. In this study the improved ECX process was applied to produce Al-based 
coatings. The short-term corrosion behavior of such barrier coatings was analyzed for up to 40 0 0 h by 
diameter measurements and metallographic examinations. The investigation revealed uniform corrosion 
in comparison to inhomogeneous attack in case of ECA coated samples and reduced corrosion rates of 
around 20 μm/a even for low exposure times of 40 0 0 h. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Different blanket designs intended for application in future
usion reactors use liquid Pb–15.7Li as breeding material. In some
f these designs, e.g. helium cooled liquid lead (HCLL) design,
he reduced activation ferritic–martensitic steels (RAFM) serve as
tructural materials and will be directly exposed to the breeding
aterial Pb–15.7Li [1] at operating temperatures of up to 550 °C.
nfortunately, several studies on the corrosion behavior of differ-
nt RAFM steels such as Optifer, MANET, F82H-mod., Eurofer and
LAM, in ﬂowing Pb–15.7Li revealed high corrosion rates [2-5] ,
.g. values of up to 400 μm per year were reported for a test
emperature of 550 °C at a high ﬂow velocity of 0.22 m/s [6] . Some
f these studies also revealed that the main inﬂuences on the
uantity of corrosion are testing temperature and ﬂow velocity [7] .
owever, such high corrosion rates certainly will have an impact
n reliability and safety considerations. Besides the risk of leaks or
echanical failures, corrosion products may lead to tube plugging
ue to precipitation effects, as already shown by Konys et al. in
he past [8] . ∗ Corresponding author. 
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trodeposition from ionic liquids, Nuclear Materials and Energy (2016), To reduce corrosion effects and/or protect RAFM steels under
uch demanding conditions, functional coatings seemed a promis-
ng solution [9] . In particular, aluminum-based coatings were iden-
iﬁed to be able to fulﬁll these corrosion related requirements.
dditionally, they also could provide tritium permeation reduc-
ion properties through the formation of ductile Fe–Al phases and
l 2 O 3 on the surface [10,11] . In 2002, Glasbrenner et al., showed
hat aluminum-based coatings produced by hot dip aluminization
HDA) with subsequent heat treatment were able to protect coated
AFM steels such as MANET and Eurofer from corrosion in ﬂowing
b–15.7Li [12,13] . 
Despite these achievements some disadvantages of the HDA
rocess emerged such as relatively high thickness of the coat-
ngs (low activation). Therefore, two new aluminum coating pro-
esses based on electrochemical techniques were developed during
he last years in order to obtain Al layers which are thinner and
ore homogeneous [14] . The ﬁrst process, referred to as ECA pro-
ess, is based on the electrodeposition of aluminum from volatile,
ammable organic solvents. A recent long-term corrosion study in
owing Pb–15.7Li on coatings on Eurofer made by this ECA pro-
ess proved that thinner Al-based coatings can protect the un-
erlying steel from corrosion even for high exposure times of up
o 12,0 0 0 h (test temperature: 550 °C; ﬂow velocity: 0.1 m/s) [15] .nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
ased coatings in ﬂowing Pb–15.7Li produced by aluminum elec- 
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Fig. 1. Corrosion test samples of Eurofer coated with approx. 13 μm Al by ECX pro- 
cess. 
Fig. 2. Cross section of a coated and heat-treated test sample. 
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lHowever, the ECA process comes also with some disadvantages
that mainly result from the low adjustability of the process pa-
rameters and from safety concerns as consequence of the reactiv-
ity of the volatile solvent and the metal organic compounds used
as aluminum source [16] . To overcome these limitations, a second
process referred to as ECX process was introduced in fusion tech-
nology which is based on the electrodeposition of aluminum from
an ionic liquid. This process showed good adjustability of the de-
position parameters and led to improved deposition rates. Further-
more, it provides the potential to use pulse plating techniques in a
wider range compared to the ECA process [16,17] . The use of pulse
plating techniques provides the deposition of ﬁne grained and ho-
mogenous coatings. After the subsequent heat treatment these alu-
minum based scales are smoother compared to scales made via the
ECA process [16] . 
However, until now important data on barrier properties, such
as corrosion resistance and T-permeation and also performance un-
der operation like conditions of thin Al-based coatings made by
electrochemical processes are limited to corrosion data for ECA
coated Eurofer [18] . This new study presents for the ﬁrst time re-
sults for the short-term corrosion behavior of Al-based coatings
produced by the new ECX process in ﬂowing Pb–15.7Li for expo-
sure times of up to 40 0 0 h. 
2. Experimental 
2.1. Fabrication of Fe–Al barriers by ECX process 
2.1.1. Electrodeposition of aluminum from an ionic liquid 
As aluminum cannot be electrodeposited from aqueous elec-
trolytes due to its high electronegative potential of −1.67 V vs. NHE
(normal hydrogen electrode), water-free electrolyte systems are re-
quired for aluminum electroplating. In contrast to previous corro-
sion studies of Fe–Al coatings produced via electrochemical depo-
sition (ECA process) [15] , an ionic liquid was used as electrolyte for
Al electrodeposition in this study. 
Standard rod shaped corrosion test samples of Eurofer, with a
diameter of 8 mm were grinded with SiC (10 0 0 grade) abrasive pa-
per and were cleaned and degreased electrochemically. After rins-
ing and drying, the samples were transferred to a glove box sys-
tem. The plating experiments were performed at 100 °C ± 2 °C in
a glass beaker of approx. 300 ml volume. The electrolyte used for
electrodeposition of aluminum was a commercially available mix-
ture ( BASF SE ) of the ionic liquid 1-ethyl-3-methyl-imidazolium
chloride ([Emim]Cl) and AlCl 3 (ratio 1:1.5). The mixture was used
as delivered. After the immersion into the electrolyte and clamp-
ing, the surface was anodically polarized for at least 30 s at a cur-
rent density of 10 mA/cm ² to activate the metallic surface and re-
move traces of oxides. Since pulse plating seems favorable, pulse
plating was used in this study to obtain ﬁne grained and ho-
mogeneous Al coatings. The pulse regime was slightly different
from regimes presented in [17] . The pulse current density was
40 mA/cm ² and the pulse duration was 0.5 s (current pause was
0.5 s). Therefore, the mean current density was approx. 20 mA/cm ²,
and the plating time was 30 min (1800 pulse cycles). After the de-
position the samples were rinsed in ethanol and acetone. Fig. 1
shows a batch of ﬁve Eurofer corrosion test samples coated with
aluminum after rinsing in ethanol and acetone. 
2.1.2. Heat treatment 
To receive the desired protective Fe–Al scales, which are
supposed to act as corrosion barrier against Pb–15.7Li, the elec-
troplated, pure aluminum coatings had to be converted by a
subsequent heat treatment (HT). The applied HT procedure was
proposed by Konys et al. [19] and consist ed of three differentPlease cite this article as: S.-E. Wulf et al., Corrosion resistance of Al-b
trodeposition from ionic liquids, Nuclear Materials and Energy (2016), teps. Details about the applied procedure are described in [17] .
he heat treatment was performed in an argon atmosphere. 
A cross section from the middle part of a fully processed test
ample prior to the exposure to Pb–15.7Li is depicted in Fig. 2 . It
ould be observed that the overall Fe–Al thickness is about approx.
5 μm. 
.1.3. Preliminary characterization 
Before and after each fabrication step, the diameter of the test
amples were measured by a laser scanning device with an accu-
acy of 1 μm. The measurement was performed at nine vertical
ositions. 
At each vertical position the sample was turned 12 times by
n angle of 30 °, resulting in 12 diameter measurements per posi-
ion. Fig. 3 shows the measured mean diameters of the samples
ested in this study after the HT step and prior to the corrosion
esting. These values are the initial diameters D i for the calculation
f the material loss and the corrosion rate after the exposure to
b–15.7Li. 
.2. Corrosion testing 
.2.1. Corrosion test in ﬂowing Pb–15.7Li 
Corrosion testing was conducted in the established PICOLO-loop
t KIT , which was used in the past for several corrosion studies
n ﬂowing Pb–15.7Li to evaluate and compare the corrosion be-
avior of different RAFM-steels [2-6] and coated RAFM-steels
12,13,15] under different corrosion regimes. More detailed tech-
ical descriptions of this Pb–15.7Li loop c an be found in the
iterature [5,20] . ased coatings in ﬂowing Pb–15.7Li produced by aluminum elec- 
http://dx.doi.org/10.1016/j.nme.2016.03.008 
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Fig. 3. Diameter of different coated and heat-treated test samples after the heat 
treatment measured by a Laser scanning system. 
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Fig. 4. Illustration of the microscopic measurement procedure. 
t  
v  
a  
w  
m  
d  
c  
(
C
3
3
 
e  
c  
b  
c  
i  
r  
P  
o  
A
 
p  
e  
F
ﬂFor reasons of comparability, the testing conditions in this
tudy were similar to previously conducted long-term corrosion
tudies with Eurofer and CLAM steel [5] and Eurofer coated by
he ECA process [15] , i.e. the temperature within the test section
as 550 °C ± 2 °C and the ﬂow velocity of Pb–15.7Li was approx.
.1 m/s. 
Twelve test samples were screwed together to an approx. 40 cm
ong stack, which then was immersed into the test section. The lat-
er was situated in a glove box system to avoid oxygen access to
he liquid metal. For characterizing the short term corrosion attack
n dependence on exposure time, coated Eurofer samples were re-
oved from the loop after approx. 20 0 0 h and 40 0 0 h of exposure.
he removed specimens were replaced by coated samples for on-
oing corrosion tests with higher exposure times. 
.2.2. Post exposure examinations 
After the corrosion test, disks of approx. 5 mm thickness were
ut out from the middle part of each sample by using a dia-
ond wire saw. These disks were embedded in Bakelite ® resin and
ross sections were made by grinding and polishing. Afterward s
he cross sections were etched to develop the microstructure. To
haracterize the scales after the exposure to Pb–15.7Li, the cross
ections were examined by SEM/EDS analysis and light microscopy.
or measuring the diameter D a after exposure, the sample was
oved laterally from one side to the other under the microscope
ith an accuracy of approx. < 1–2 μm by using a micrometer
crew, which was connected to the microscope stage. The princi-
le is illustrated in Fig. 4 . This step was repeated 12 times whileig. 5. Low magniﬁcation images of etched cross sections of ECX coated Eurofer sample
ow velocity of 0.1 m/s. 
Please cite this article as: S.-E. Wulf et al., Corrosion resistance of Al-b
trodeposition from ionic liquids, Nuclear Materials and Energy (2016), he sample was turned by 15 ° after each measurement. From these
alues a mean diameter D a was calculated, which is the diameter
t the vertical position of this micro cut. This value was compared
ith the initial mean diameter D i , from the laser scan measure-
ents, at the same vertical position. From this difference, the ra-
ial material loss r and the radial corrosion rate C (in μm/a) was
alculated by the following equation, where t is the exposure time
in h). 
(t) = r(t) 
t 
× 8760 h (1) 
. Results and discussion 
.1. Corrosion behavior of ECX coated Eurofer samples 
After the exposure to ﬂowing Pb–15.7Li of up to 40 0 0 h, the
tched metallographic cross sections from the center part of the
oated test samples showed that for all samples the aluminum
ased scales ha d protected the underlying Eurofer steel from
orrosion as indicated by low magniﬁcation optical microscopy
mages as given in Fig. 5 . The surface of the scales remained
elatively smooth and homogeneous after the exposure to ﬂowing
b–15.7Li and no severe, local failures of the scales were observed
ver the whole cross section. The thickness of the remaining
l-enriched scale was in all cases higher than 45 μm. 
When comparing the cross sectional surface structure after ex-
osure (see Fig. 6 ) with images just after the HT as given in the lit-
rature (see [16,17] ), the surface seems not to be affected a lot bys after 2224 h (a) and 4026 h (b) of exposure to ﬂowing Pb–15.7Li at 550 °C and a 
ased coatings in ﬂowing Pb–15.7Li produced by aluminum elec- 
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Fig. 6. Etched cross sections of ECX coated Eurofer samples after 2224 h (a) and 4026 h (b) of exposure to ﬂowing Pb–15.7Li. 
Fig. 7. Radial material loss and corrosion rates of ECX coated Eurofer test samples 
in dependence on exposure time in ﬂowing Pb–15.7Li. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
t  
p  
b  
l
 
i  
t  
n  
l  
i  
m  
f  
t  
s  
s  
t  
c  
m  
o  
s  
t
3
a
 
E  
s  
l  
c  
c  
s  
i  
T  
i
 
o  
m  
b  
i  
t  
p  
p  
d  
o  
h  
p  
s  
s  Pb–15.7Li during the exposure time of up to 40 0 0 h. This ob-
servation differs from corrosion test results of ECA coated Euro-
fer under the same test conditions and after the same exposure
time of 40 0 0 h presented by Krauss et al. [15] . In the case of ECA
coated Eurofer samples, irregularly structured surfaces with 10-
20 μm high plateaus were formed. These plateaus necessitated t he
deﬁn ition of two post exposure diameters. Such a differentiation
was not needed in the case of the post exposure diameter mea-
surements of ECX coated samples in this study. 
As it could be depicted from Fig. 7 , the measured radial ma-
terial loss of the ECX coated samples was below 10 μm for all of
the six samples. In this context, a radial material loss of approx.
5 μm was observed for exposure times of around 20 0 0 h, where
the radial material loss increased only slightly to 8–9 μm in case
of longer exposure times of around 40 0 0 h. Surprisingly one of the
three samples exposed for at least 3700 h showed a very low mea-
sured material loss of just 1–2 μm. 
Corresponding to the radial material loss values, the calculated
corrosion rates lay between 19 and 24 μm per year. In this case,
the corrosion rates showed a slight decrease in dependence on the
exposure time coming from approx. 23 μm per year at 20 0 0 h of
exposure to 20 μm per year after 40 0 0 h. A decrease of corrosion
rate in dependence on the exposure duration was also found in the
case of long lasting corrosion tests in ﬂowing Pb–15.7Li for ECA
coated Eurofer [15] . 
3.2. Microstructure after the exposure to Pb–15.7Li 
Light microscopic images of etched metallographic cross sec-
tions with higher magniﬁcations as given in Fig. 6 , revealed thatPlease cite this article as: S.-E. Wulf et al., Corrosion resistance of Al-b
trodeposition from ionic liquids, Nuclear Materials and Energy (2016), he Fe–Al layer consists of relatively large columnar grains which
artly reached from the surface to the subjacent RAFM-steel. The
oundary between the aluminum enriched coating and the under-
ying Eurofer microstructure is very sharp. 
Fig. 8 a shows a backscattered electron (BSE) image of a coat-
ng exposed for 1754 h in ﬂowing Pb–15.7Li. This image reveals
hat the Pb–15.7Li did not penetrate into the Fe–Al layer, since
o bright looking Pb rich inclusions could be detected within the
ayer. Energy dispersive spectroscopy (EDS) line scans as given
n Fig. 8 b, show the almost typical slopes with decreasing alu-
inum concentrations depending on the distance from the sur-
ace. The curve is an average curve of four EDS line scans at
he same sample at four different positions around the whole
ample (every 90 °). The error bars given in the diagram are the
tandard deviation indicating some differences in the composi-
ion and thickness of the remaining scale after exposure. It is not
lear at the moment, if this difference was due to small inho-
ogeneities of ﬂow velocities and therefore in corrosion attack
r inhomogeneities of scale thicknesses after fabrication of the
cales. This issue regarding coatings made by ECX will need fur-
her investigations . 
.3. Comparison of short-term corrosion behavior: ECX, ECA coated 
nd bare Eurofer 
One purpose of this study was to compare corrosion data of
CX coated samples with ECA coated samples and bare Eurofer
teel under the same test parameters as temperature and ﬂow ve-
ocity. For exposure times of 20 0 0 h corrosion data under these
onditions is only available for Eurofer (and CLAM) steel [5] , while
orrosion data for ECA coated Eurofer is limited to data for expo-
ure times between 40 0 0 h and 12,0 0 0 h [15] . These previous stud-
es used the same test conditions and post exposure examinations.
herefore a comparison of radial material loss and corrosion rates
s interesting and should be signiﬁcant. 
Fig. 9 compares the measured material loss and corrosion rate
f ECX coated samples of this study with data taken from the
entioned scientiﬁc articles for bare Eurofer and coatings made
y the ECA process. It also indicates that aluminum-based coat-
ngs, i.e. ECX or ECA coated, signiﬁcantly reduced the corrosion at-
ack in comparison to bare Eurofer steel, where ECX coated sam-
les showed a reduction of material loss by a factor of 10 com-
ared to Eurofer steel even at low exposure times of 20 0 0 h. The
irect comparison of the coating processes for exposure times
f 40 0 0 h revealed that the values for the ECX process are only
alf of the values obtained in the case of the ECA process as re-
orted by Krauss et al. [15] . The reason for this may lie in the
moother and more homogeneous surface after HT of ECX coated
amples in comparison to ECA coated ones [16] , which might be aased coatings in ﬂowing Pb–15.7Li produced by aluminum elec- 
http://dx.doi.org/10.1016/j.nme.2016.03.008 
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Fig. 8. BSE image (a) and EDS line scan (b) of the cross section of an ECX coated Eurofer sample after an exposure time of 1754 h in ﬂowing Pb–15.7Li at 550 °C. 
Fig. 9. Comparison of corrosion attack and corrosion rates of ECX and ECA coated 
and bare Eurofer steel under the same test conditions (550 °C, 0.1 m/s). 
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[  onsequence of the ﬁne grained aluminum morphology of ECX
oatings obtained after the electrodeposition of aluminum from
onic liquids. As already shown in the literature, smoother and
ense Al coatings promote the formation of Fe–Al scales during HT
ith smoother surfaces and improved homogeneity [16,17] . 
. Conclusion 
Corrosion testing of up to 40 0 0 h of aluminum-based coatings
n Eurofer produced by the new ECX process revealed and proved
he high corrosion resistance of coatings made by electrodeposi-
ion of aluminum in ﬂowing Pb–15.7Li (0.1 m/s). Even for relatively
hort exposure times of around 40 0 0 h, a reduction of corrosion
ate and material loss by a factor of ten was achieved in com-
arison to bare Eurofer steel. In comparison to corrosion test re-
ults of aluminum-based coatings made by the older ECA process
for 40 0 0 h), the determined corrosion rate was reduced by a fac-
or of two, where no inhomogeneous corrosion attack of the scale
tself occurred. The explanation for this can be found in the im-
roved surface structure of barrier coatings made by ECX, which
s smoother and more homogeneous compared to the ECA process.
hese positive results conﬁrmed that the efforts made in the devel-
pment of more homogeneous and deﬁned aluminum-based scales
y applying ionic liquids as new electrolytes for aluminum depo-
ition (ECX process) led to improved surface structures with im-Please cite this article as: S.-E. Wulf et al., Corrosion resistance of Al-b
trodeposition from ionic liquids, Nuclear Materials and Energy (2016), roved corrosion behavior. These ﬁndings will also have beneﬁcial
ffects in terms of reducing precipitation risks in pipes. Therefore,
hey will improve the safety and reliability in operating breeding
lankets in the future fusion reactor which use liquid lead-lithium
s breeder. 
However, besides long-term corrosion tests, which are still in
rogress, other important properties of aluminum based coatings
ade by the improved ECX process are still not available, e.g. T-
ermeation measurements, thermal cycling tests, mechanical prop-
rties and upscaling of the process [18] . Hopefully, they will be
vailable in the next years, e.g. enabled by the work done within
he EUROfusion program. 
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